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(57) Abstract 

An electrical machine includes both a pennanent magnet source of field excitation and an ^^^^^^'"^^g"^.^^ 
The electrical machine also includes a homopolar rotor, which carries the permanent magnet source, and a ^^^^J^^^^^^^^^^^ 
' portion and outer portions. TTie homopolar rotor and the middle portion of the lammation stack conduc flux ^f/^^^/^^^y f/^^^^^ 

magnet source. TTie homopolar rotor and the outer portions of the lamination stack conduct flux generated by the electromagnetic source 
i when the electromagnetic source is energized. 
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BACKGROUND OF THE INVENTION 
5 The present invention relates to an electrical machine that utilizes both 

permanent magnets and an electromagnetic coil for field excitation. When such a 
hybrid electrical machine is operated as a generator, its output voltage can be 
bucked or boosted by varying the direction and amplitude of current flowing 
though the electromagnetic coil. 
10 The hybrid electrical generator combines the ruggedness, light weight and 

compactness of a permanent magnet generator with the variable voltage 
capability of an inductor generator. Unlike a permanent magnet generator, the 
hybrid electrical generator does not require complex circuitry for regulating 
output voltage, and it does not require a parasitic load for dumping excess 
15 energy. The hybrid electrical generator is also smaller than an inductor 
generator designed for the same operating parameters. 

However, the hybrid electrical generator is big and bulky in comparison to 
a permanent magnet generator designed for the same operating parameters. 
Size being important, a compact hybrid electrical generator is needed. 

20 

SUMMARY OF THE INVENTION 
A compact electrical machine according to the present invention 
comprises a rotor assembly including a permanent magnet source of excitation, 
and a stator assembly including an electromagnetic source of excitation. The 
25 stator assembly further includes a flux collector having a middle portion for the 
permanent magnet source and first and second outer portions for the 
electromagnetic source. The middle portion is magnetically insulated from the 
outer portions. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a cross-sectional view of an electrical machine according to 
the present invention; 

Figure 2 is an illustration of flux flowing in the electrical machine, the flux 
5 being generated by permanent magnets, which form a part of the electrical 
machine; 

Figure 3 is an illustration of flux flowing in the electrical machine, the flux 
being generated by an electromagnet, which forms a part of the electrical 
machine; and 

10 Figure 4 Is a cross-sectional view of an alternative embodiment of the 

electrical machine. 

DETAILED DESCRIPTION OF THE INVENTION 
Figures 1, 2 and 3 show a hybrid electrical machine 10 including a stator 
assembly 12 and a rotor assembly 14, The rotor assembly 14 includes a first, 
second, third and fourth permanent magnets16, 18, 20, 22, which provide a first 
source of field excitation for the electrical machine 10. Figures 1 and 2 show the 
magnets 16, 18, 20, 22 being magnetized radially and arranged in a standard 
four-pole configuration. The permanent magnets 16, 18, 20, 22 can be made of 
ceramic or any other magnetic material. High-speed machines might utilize 
permanent magnets 16, 18, 20, 22 made of a magnetic material having a high 
energy product, such as a rare earth material. 

The rotor assembly 14 also includes a homopolar rotor 24 made of a high- 
strength ferromagnetic material. The homopolar rotor 24 includes a shaft 26, 
which carries the permanent magnets 16, 18, 20, 22; a first pair of ferromagnetic 
pole pieces 28, 30 extending radially from the shaft 26 adjacent one side of the 
permanent magnets 16, 18, 20, 22; and a second pair of ferromagnetic pole 
pieces 32, 34 extending radially from the shaft 26 adjacent an opposite side of 
the pennanent magnets 16. 18. 20, 22. The fen"omagnetic pole pieces 28, 30 of 
the first pair are circumferenfially offset by 90 mechanical degrees and 180 
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electrical degrees from the ferromagnetic pole pieces 32. 34 of the second pair 
to form North and South poles. The ferromagnetic pole pieces 28. 30 of the first 
pair are circumferentially aligned with the first and second pennanent magnets 
16, 18 (i.e.. the North pole magnets), and the ferromagnetic pole pieces 32. 34 of 
5 the second pair are circumferentially aligned with the third and fourth permanent 
magnets 20, 22 (i.e.. the South pole magnets). The homopolar rotor 24 can be 
machined from a single piece of a ferromagnetic material, whereby the shaft 26 
and the pole pieces 28, 30. 32. 34 are integrally formed. 

In high speed machines, the permanent magnets 16. 18, 20, 22 are 
1 0 retained by a retainer sleeve 36 made of a non-magnetic material such as a 
composite graphite. The retainer sleeve 36 is wound over the pennanent 
magnets 16, 18. 20, 22. Gaps between the pennanent magnets 16. 18, 20. 22 
can be filled with a non-magnetic material such as an epoxy. 

The pennanent magnets 16. 18. 20. 22 and the retainer sleeve 36 are 
1 5 disposed entirely between the fen-omagnetic pole pieces 28, 30. 32, 34. Outer 
diameters of the retainer sleeve 36 and the fen-omagnetic pole pieces 28. 30, 32. 
34 are substantially the same. Resulting is a compact rotor assembly 14. 

The stator assembly 12 includes an electromagnet 38 operable to provide 
a second source of excitation for the electrical machine 10. The electromagnet 
20 38 includes a bobbin 40 made of a non-magnetic material, a coil 42 wound 
around the bobbin 40. and a ferromagnetic yoke 44 to which the bobbin 42 is 
secured. 

The stator assembly 12 also includes a flux collector 46 disposed between 
the rotor assembly 14 and the electromagnet 38. The flux collector 46 includes a 

25 lamination stack 48 having a middle portion 50 and first and second outer 
portions, 52. 54. Magnetic insulators 56 having the same shape as the 
laminations in the stack 48 are disposed between the middle portion 50 and the 
outer portions 52, 54. The magnetic insulators 56, which can be made of a non- 
metallic or plastic material, magnetically insulate the middle portion 50 from the 

30 outer portions 52, 54. 
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Stator windings 58 are wound around the middle and outer portions 50, 
52, 54 of the lamination stack 48. The windings 58 can have a conventional 
configuration, such as a three-phase phase configuration. Resulting is a compact 
stator assembly 12. 

5 The middle portion 50 of the lamination stack 48 is aligned with the 

permanent magnets 16, 18, 20. 22. Between the outer surface of the permanent 
magnets 16, 18, 20, 22 and the inner surface of the middle portion 50 is a first 
radial air gap G1 of low reluctance. The middle portion 50 and the shaft 26 
provide a conductive path for flux from the permanent magnets 16, 18, 20, 22. 

10 The first outer portion 52 of the lamination 48 stack is aligned with the first pair of 
pole pieces 28, and the second outer portion 54 of the lamination 48 stack is 
aligned Vk«th the second pair of pole pieces 32, 34. Between the outer surfaces of 
the ferromagnetic pole pieces 28, 30, 32, 34 and the inner surface of the 
lamination stack 48 is a second air gap G2 of low reluctance. Between the outer 

1 5 surface of the shaft 26 and the inner surface of the laminations stack 48 is a third 
air gap G3 of high reluctance. The yoke 46, the outer portions 52. 54 of the 
lamination stack 48 and the homopolar rotor 24 provide a conductive circuit for 
the flux generated by the coil 42. 



lamination stack 48 are secured to the yoke 44. 

The electrical machine 10 is operated as an electrical generator by 
rotating the shaft 26, varying the amplitude and direction of current in the coil 42, 
and extracting electrical energy from the stator windings 58. While the shaft 26 is 

25 being rotated, flux from the first and second permanent magnets 16, 18 flows 
across the first air gap G1 to the middle portion 50 of the lamination stack 48, 
partially around the lamination stack 48, back across the first air gap G1 , to the 
third and fourth permanent magnets 20, 22, through the shaft 26, and back to the 
first and second permanent magnets 16, 20 (see Figure 2). As the shaft 26 is 

30 rotated and flux from the permanent magnets 16,18, 20, 22 cuts through the 



20 



The rotor assembly 14 is supported by bearings 60 within a housifig 62. 
The yoke 44 is secured to the housing 62. and the outer portions 52, 54 of the 
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stator windings 58, an ac voltage is induced in the stator windings 58. 

When the coil 42 is energized, flux from the coil 42 flows from the yoke 46 
to the first outer portion 52 of the lamination stack 48. across the second air gap 
G2, down the ferromagnetic poles 28, 30 of the first pair, to the shaft 26, across 
5 the shaft 26 to the pole pieces 32, 34 of the second pair, back across the second 
air gap G2, through the second outer portion 54 of the lamination stack 48, and 
back to the yoke 46 (see Figure 3). The magnetic insulators 56 prevent the coil 
flux from short-circuiting across the middle portion 50 of the lamination stack 48. 
As the flux from the coil 42 cuts through the stator windings 58. an additional ac 
1 0 voltage is induced in the stator windings 58. 

The coil 42 can boost or buck the output voltage of the electrical machine 
10. The amplitude and direction of the current energizing the coil 42 determines 
the amount of boost or buck. If current flowing in one direction causes the coil 
42 to boost the output voltage of the electrical machine 10. then cun-ent flowing 
15 in an opposite direction will cause the coil 42 to buck the output voltage. 

The electrical machine 10 could have an electromagnet 38 that is capable 
of generating the same voltage as the permanent magnets 16, 18. 20, 22. 
Operating such a machine without the electromagnet 38 produces an output 
voltage at 50% of the machine*s maximum voltage. Varying the amplitude and 
20 direction of the current in the coil 42 can buck the output voltage of the electrical 
machine 10 to zero volts, boost the output voltage to the maximum voltage, or 
control the output voltage to a level between zero volts and the maximum 
voltage. 



25 an electrical generator, offers control over the output voltage without the need for 
complex, expensive, high power electronic circuitry. It does not require a 
parasitic load for dumping excess energy. Additionally, the electrical machine 10 
has a small air gap G2 between the fen^omagnetic pole pieces 28, 30, 32, 34 and 
the lamination stack 48, which results in a high flux density. Additionally, the 

30 hybrid electrical machine 10 is compact. 



Thus disclosed is a hybrid electrical machine 10 that, when operated as 
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It is understood that changes and modifications can be made without 
departing from the spirit and scope of the present invention. For example, a rotor 
assembly 1 14 of a hybrid electrical machine 110 can include a homopolar rotor 
124 having a multi-piece construction shown in Figure 5, The homopolar rotor 
5 124 has a first shaft section 126a and a first pair of ferromagnetic pole pieces 
128, 130 extending radially from the first section 126a; a second shaft section 
126b and a second pair of ferromagnetic pole pieces 132, 134 extending radially 
from the second section 126b: and a third shaft section 126c for carrying 
permanent magnets 116, 118. 120, 122. The third and fourth permanent 

10 magnets 120, 122 and the pole pieces 132, 134 of the second pair. The multi- 
piece construction allows for easier fabrication and assembly of the rotor 
assembly 1 14. A permanent magnet rotor (i.e., the permanent magnets 116, 
118, 120, 122, a retainer sleeve 136. and the third shaft section 126c) can be 
pre-assembled, and the pre-assembled rotor can then be clamped between the 

15 first and section shaft sections 126a, 126b by means such as a tie rod (not 
shown). Additionally; the retainer sleeve 136 can be shrink-fitted (instead of 
wound) overthe permanent magnets 116, 118, 120, 122. 

A specific electrical machine 1 0 is designed in accordance with its 
intended usage. Thus, the electrical machine 10 is not limited to the four-pole 

20 configuration and the lamination geometry shown in the drawings. 

Dimensions of the electrical machine 10 are also determined in 
accordance with the intended usage. Overall axial length and diameter of the 
electrical machine 10 is determined by factors such as its desired power rating. 
The homopolar rotor 24 is sized to handle flux from the electromagnet 38 and 

25 the permanent magnets 16, 18, 20, 22 without saturating. The relative sizes and 
strengths of the electromagnet 38 and permanent magnets 16, 18, 20, 22, and 
the relative lengths of the middle 50 and outer portions 52, 54 of the lamination 
stack 48 depend upon the desired amount of control overthe output voltage. An 
electrical machine 10 having less control (e.g.. ±10%) of the output voltage will 

30 have a relatively smaller electromagnet 38 and pole pieces than an electrical 
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machine having the same power rating but having total control over the output 
voltage. 

Finally, the electrical machine 10 can be operated as a motor. 
Conventional motor circuitry such as inverters and sensors can supply an 
excitation to the stator windings 58. The amplitude of the field excitation can be 
controlled either by the electromagnet 38 or the conventional motor circuitry. 
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COMPACT HYBRID ELECTRICAL MACHINE 

1 CLAIM : 

1 . An electrical machine (1 0) comprising: 

a rotor assembly (14) including a penmanent magnet source of excitation(16, 18, 
20, 22); and 

a stator assembly (12) including an electromagnetic source of excitation (38), 
and a flux collector (46) having a middle portion (50) for the permanent magnet source 
(16. 18, 20. 22) and first and second outer portions (52, 54) for the electromagnetic 
source (38), the middle portion (50) being magnetically insulated from the outer portions 
(52. 54). 

2. The electrical machine (10) of claim 1 , wherein the rotor assembly (14) 
further includes a homopolar rotor (24), the permanent magnet source (16, 18. 20. 22) 
being carried by the homopolar rotor (24) in alignment with the middle portion (50) of 
the flux collector (46). the middle portion (50) of the flux collector (46) and the 
homopolar rotor (24) conducting flux generated by the permanent magnet source (16, 
18. 20. 22). the homopolar rotor (24) and the outer portions (52, 54) of the flux collector 
(46) conducting flux generated by the electromagnetic source (38) when the 
electromagnetic source (38) is energized. 

3. The electrical machine (10) of claim 2, wherein the homopolar rotor 
(24) includes a shaft (26). a first group of ferromagnetic pole pieces (28, 30) extending 
radially from the shaft (26) in alignment with the first outer portion (52) of the flux 
collector (46); and a second group of ferromagnetic pole pieces (32, 34) extending 
radially from the shaft (26) in alignment with the second outer portion (54) of the flux 
collector (46). 

- 8- 
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4. 



The electrical machine (10) of claim 3, wherein the rotor assembly (14) 



5 



further includes a retainer sleeve (36) for the permanent magnet source (16, 18. 20, 



includes: 

a bobbin (40) surrounding the flux collector (46); 
a coil (42) wound around the bobbin (40); and 

a ferromagnetic yoke (44) for conducting flux from the coil (42) to the outer 
portions (52. 54) of the flux collector (46) when the coil (42) is energized. 

6. The electrical machine (10) of claim 1 , wherein the flux collector (46) 

includes a lamination stack (48) and insulators (56) for magnetically insulating the 
middle portion (50) of the lamination stack (48) from the outer portions (52. 54) of the 
lamination stack (48). 

The electrical machine (10) of claim 6, wherein the stator assembly (12) further includes 
stator windings (58) wound around the middle and outer portions (50, 52, 54) of the 
lamination stack (48). 



22). the retainer sleeve (36) and the ferromagnetic pole pieces (28, 30. 32, 34) having 
substantially the same outer diameters. 



The electrical machine (10) of claim 1, wherein the electromagnet 
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